The protein titin plays a key role in vertebrate muscle where it acts like a giant 23 molecular spring. Despite its importance and conservation over vertebrate evolution, a 24 lack of high quality annotations in non-model species makes comparative evolutionary 25 studies of titin challenging. The PEVK region of titin-named for its high proportion of 26 Pro-Glu-Val-Lys amino acids-is particularly difficult to annotate due to its abundance 27 of alternatively spliced isoforms and short, highly repetitive exons. To understand 28 PEVK evolution across mammals, we first developed a bioinformatics tool, 29 PEVK_Finder, to annotate PEVK exons from genomic sequences of titin and then 30 applied it to a diverse set of mammals. PEVK_Finder consistently outperforms 31 standard annotation tools across a broad range of conditions and improves annotations 32 of the PEVK region in non-model mammalian species. We find that the PEVK region 33 can be divided into two subregions (PEVK-N, PEVK-C) with distinct patterns of 34 evolutionary constraint and divergence. The bipartite nature of the PEVK region has 35 implications for titin diversification. In the PEVK-N region, certain exons are conserved 36 and may be essential, but natural selection also acts on particular codons. This region is 37 also rich in glutamate and may contribute to actin binding. In the PEVK-C, exons are 38 more homogenous and length variation of the PEVK region may provide the raw 39 material for evolutionary adaptation in titin function. Taken together, we find that the 40 4 very complexity that makes titin a challenge for annotation tools may also promote 41 evolutionary adaptation. 42 43 78 Monroy et al., 2017).
INTRODUCTION
One goal of modern biology is to connect the underlying molecular structure of a 45 protein with physiological function. Studies that compare protein sequences in an 46 evolutionary context can illuminate the regions of proteins that are most essential, 47 10 1990). Only exons with 100% identity as determined by BLAST were retained for the 159 next steps of optimization. If multiple hits per exon met these criteria, only the hit with 160 the highest bit score was retained.
162
A match score was calculated to determine how well parameter sets recover the 163 annotated PEVK regions for the ~17,000 parameter combinations per species. The 164 match score is a weighted score that prioritizes exons that recapitulate annotated exons 165 ("recovered exons"; 70%), rewards identical exons ("perfect exons"; 10%), and 166 minimizes exons identified by PEVK_Finder that are not found in the annotations 167 ("extraneous exons"; 20%). Recovered exons were calculated as the proportion of the 168 cDNA annotated exons identified by PEVK_Finder and included exons that generated 169 both partial and full BLAST hits; perfect exons were defined as the proportion of 170 recovered exons that were 100% identical for the entire length of the annotated exons; 171 extraneous exons were calculated by subtracting the number of PEVK_Finder exons with 172 no matches in the annotated database from 100 and dividing that number by 100. 173 When the number of matchless exons found by PEVK_Finder was >100, the extraneous 174 exons score was 0. The final match score was the sum of the three separate weighted 175 scores and ranged from 0 to 1. Parameter space that encompassed the highest match 176 scores were used to determine an optimal set of parameter ranges that yielded the most 177 11 accurate sets of PEVK exons for a range of mammalian species. All match score scripts 178 were written in R (R Core Team, 2016). (Salamov & Solovyev, 2000) , geneid (Parra, 184 Blanco & Guigó, 2000) and GENSCAN (Burge & Karlin, 1997) . We used each tool with 185 default parameters to predict the exon-intron coordinates of PEVK exons in both the 186 human and mouse TTN sequences. Exon coordinates generated by each tool were 187 manually compared with cDNA-annotated PEVK exon coordinates for the 188 corresponding species. Exons generated by any of the four tools with a partial match (>= 189 50%) to a corresponding cDNA exon were considered a match, and a tool exon that 190 spanned two or more cDNA exons was considered a single match. cDNA exons with 191 no overlapping coordinates in the tool exon set were considered missing exons. Tool Phylogeny construction and PEVK region characterization across mammals 196 We downloaded 43 mammalian TTN sequences representing 16 major orders from the 197 NCBI RefSeq database (Table S1 ). Our taxonomic sampling is a representative subset regions. Specifically, the first PEVK exon (human exon 112) has an amino acid sequence 206 similar to "EIPPVVAPPIPLLLPTPEEKKPPPKRI" and is < 3,000 nucleotides before 207 human TTN exon 114, which has an ortholog in all but one species. The last PEVK exon 208 has an amino acid sequence identical or nearly identical to "AKAPKEEAAKPKGPI" 209 and is generally < 3,000 nucleotides after the second to last exon. To facilitate comparisons among PEVK exons, we attempted to identify "orthologous 234 exons". We use the term "orthologous" to distinguish exons that descend from a 235 common DNA ancestral sequence from those that are related by duplication (i.e. 236 paralogous). Orthologous PEVK exons among species were determined using the 237 reciprocal best BLAST method, with the exception that orthologs were determined for 238 each exon rather than the entire TTN gene (Tatusov, 1997; Bork & Koonin, 1998; Koonin, The PEVK_Finder code is available for download at 287 https://github.com/kmuenzen/pevk_finder_public. Tables S1 and S2 contain names and 288 NCBI accession numbers for sequences used in this study. PEVK_Finder was developed to annotate the PEVK region of TTN across mammals. 295 We determined optimal parameters (exon length, window size, and PEVK ratio) for 296 downstream applications by comparing PEVK_Finder results with the human and 297 mouse annotations and calculating a match score. For each human and mouse model, 298 we tested a total of ~17,000 parameter combinations. Optimal match scores for human 299 were achieved when minimum exon length was 10-15 nucleotides, PEVK ratio was 0.54- Figure 1c ) and mouse (2; Figure S1c ) TTN sequences.
341
We extended our evaluation of PEVK_Finder by evaluating its performance on other 342 species with annotated TTN sequences. Of the 41 mammal species tested, only five 343 have cDNA data for TTN in NCBI (Table S2) . Human TTN has the most complete Table S2 ). The number of exons identified by PEVK_Finder represents a 353 significantly higher percentage of the total exons (mean: 93.6%, SD: 2.35) than Gnomon-354 20 based annotations (mean: 76.7%, SD: 9.29; t = 11.10, P = 8.71*10 -14 ; Table S2 ).
355
PEVK_Finder also identified many more putative novel PEVK exons that were not 356 described previously by either Gnomon or cDNA (mean: 22.7; SD: 10.17). (Table S2) . Interestingly, the three species with the smallest 367 number of PEVK exons are all aquatic diving mammals (Odobbenusn rosmarus -walrus 368 (82), Tursiops truncates -dolphin (81), Neomonachus schaunslandi -Hawaiian monk seal 369 (82)). However, two of these species also show gaps in the PEVK regions, which may 370 be real or may be due to assembly artifacts (see below). Table S2 ).
384
Several species (e.g., chimpanzee, dolphin, walrus and alpaca) also show large deletions 385 of PEVK exons in the PEVK-C region. The walrus TTN sequence contains a large string 386 of >9,000 'N' bases, indicating that the gap in the walrus PEVK-C region is likely due to 387 low assembly quality in this region. Alpaca TTN also contains several strings of N's 388 that range from 500-5,000 bases long, which are likely responsible for the large gaps. Although the PEVK-C region is structurally variable across mammals, its sequence 399 content is more similar within a given individual than the PEVK-N region (Figures 2,3) . Together, these analyses suggest that exons within the PEVK-C region have more 415 similar sequences, while exons in the PEVK-N region are more variable in sequence.
417
The PEVK-N and PEVK-C regions also encode for significantly different amounts of the 418 core P, E, V, and K amino acids. PEVK-N exons contain significantly more glutamate 419 (1.7X; t = 33.51, P < 6.84E-31), lysine (1.2X; t = 15.76, P < 9.32E-19), and valine (1.2X; t = 420 13.81, P < = 8.30*10 -17 ) amino acids than PEVK-C exons (Figure 3d ). PEVK-C exons 421 contain significantly more proline amino acids (1.1X; t = 13.83, P < 7.79*10 -17 ). Non-PEVK 422 amino acid residues, such as isoleucine, arginine, threonine, leucine, tyrosine and 423 serine, were also more common in PEVK-N exons ( Figure S4 ). 426 We performed a reciprocal best BLAST (Tatusov 1997 ). More orthologs are detected in the PEVK-N region than the PEVK-C region 431 (red/orange, Figure S3 ), consistent with a more conserved exon structure in the PEVK-N 432 region. Exons in the PEVK-C region display greater sequence divergence across the 433 mammalian tree (mean: 0.11; SE: 0.01) than the PEVK-N region (mean 0.08; SE: 0.01), 434 though this difference is not significant (t = 1.67, P = 0.11) and primarily driven by three 435 exons in the PEVK-C region ( Figure S3 ).
425

Evolutionary analysis of the PEVK region across mammals
437
We also examined the nature of selection acting on codons in the PEVK region.
438
Specifically, we tested for positive selection using random-sites models in PAML, which 439 allowed ω to vary among sites but not lineages. For six sets of orthologous exons 440 (human exons 114, 135, 137, 138, 145 and 199), models that allowed certain codons to 441 evolve under positive selection (ω > 1; M2a) were significantly better than models that 442 restricted codons to be conserved (0 < ω < 1) or neutral (ω = 1; M1a; Figure 4 , Table 1 ).
443
Model M1a vs. M0 was also significant for six exons investigated (results not shown). Table 1 ). Results were qualitatively similar for all initial ω values. The polarity of amino acids can influence protein-binding interactions and solubility, 449 and therefore may contribute to adaptive evolution of titin. Therefore, we used motifs and patterns common to well-annotated PEVK regions (i.e., human, mouse).
487
Similar custom tools have been developed for classes of transposable elements, which 488 are also highly repetitive and often missed by standard annotation tools (Lerat 2010) .
490
Here, we find that PEVK_Finder consistently improves the annotation of the PEVK 491 region across mammals. One major challenge of annotating repetitive regions with 492 short exons is that exons are commonly missed. PEVK_Finder consistently detects 493 significantly more PEVK exons than standard annotation tools, both in model and non-494 model species (Figure 1b, 1c ; Table S2 ). Specifically, PEVK_Finder outperforms other 495 tools in regions of short, high-density exons and across broad ranges of PEVK ratios.
496
PEVK_Finder also identifies numerous putative PEVK exons that are not found in 497 cDNA annotations or identified by other bioinformatics tools (Figure 1c ; Table S2 ). It is 498 possible that these novel exons are not transcribed, but TTN has many alternatively 499 spliced isoforms that may not be completely characterized by cDNA. For example, PEVK_Finder occasionally misses, truncates, or joins distinct exons, albeit at a lower 506 frequency than the other tools tested. Exons with low PEVK ratios, internal splice sites 507 and non-canonical splice sites cause most of these errors. Indeed, we were unable to 508 obtain exon sets for two of the 43 species we tested due to the presence of non-canonical 509 splice sites. In the future, incorporation of hidden Markov models into the tool could 510 improve issues with splicing and variable PEVK ratios. Given this, we argue that tool, such as Gnomon, could also provide more comprehensive annotations (Table S2) . across mammals, but these exons tend to be more similar (Figure 2, 3a, 3c) . Overall, the 525 documented patterns argue for selection maintaining particular, "essential" PEVK-N 526 exons over evolutionary time, with diversifying selection targeting specific codons. For shown that E-rich PEVK segments bind to actin filaments, which produces a viscous 579 load that could possibly resist the sliding of the thin filament along the thick filament 
